In recent years, there has been a move toward supporting the human element of Web search beyond a simple query box and a ranked list of search results. In this paper, we present a prototype implementation of an approach to Web search based on fuzzy clustering and visualization. CubanSea presents the searcher with topics that are automatically discovered within the search space. A visual encoding of the cluster membership supports the searcher in understanding the relationship between the search results and the fuzzy clusters. Clusters can be selected for evaluation, and filtering operations allow the searcher to further manipulate and explore the search results set. The system is designed to support searchers when their information needs are ill-defined, vague, or ambiguous. 1
I. INTRODUCTION
The traditional approach to representing Web search results has been to provide all the matching documents in a list. An underlying assumption within this list-based representation is that the order implies the relevance of the document as determined by the search engine. When the information being sought is very specific, this list-based approach can be extremely effective, with many relevant documents often appearing at the top of the list. However, when the queries provided by the searchers are ill-defined, vague, or ambiguous, the list provides little support for the searcher to discover the few relevant documents from the many irrelevant documents.
The downside of this list-based representation is the limited amount of information that can be percieved and processed by the searcher. The only element that is available for encoding meta-data regarding the search results set (e.g., the ranked order) is the horizontal position of the search results within the list. Furthermore, search results lists are normally split into multiple pages containing a fixed number of results. This limits the ability of the searcher to make comparisons of search results to one another.
In this work, we attempt to address the shortcomings of the list-based representation, using fuzzy clustering techniques and visual approaches to search results representations. We do not try to improve or revise these techniques, but rather use existing solutions and concentrate on the visualization and interaction with the results. Due to the familiarity of the general public with list-based representations, we do not dispense with the list entirely. Our goal is to augment the list with additional information that can help the searcher in those situations when the traditional ranked order of the search results does not provide adequate support for their search tasks (e.g., when the search topic is vague).
Our research has been guided by Shneiderman's visualization principle: "overview first, zoom and filter, then details on demand" [1] . This approach to interacting with the information available to achieve some task has been shown to be useful in numerous information visualization systems [2] . The application of this principle to the visual representation of Web search results is described in this paper, and implemented in the CubanSea prototype 1 .
The remainder of this paper is organized as follows. Section 2 provides an overview of work related to this research. The details of the clustering and visualization techniques employed in CubanSea are provided in Section 3. The interactive support provided to the searcher as they seek relevant documents is discussed in Section 4. Conclusions and future research directions are outlined in Section 5.
II. RELATED WORK
A significant amount of research has already been undertaken in the area of search results representation. Most projects propose designs that position result items next to each other according to their simmilarity. LibViewer suggests a bookshelf-like design, creating different areas for different topics [3] . Result items are placed in accordance to their membership in these topics, using a self-organizing map. PEx-WEB proposes to position search results on a two-dimensional canvas, encoding the simliarity of results in the distance between them [4] . A multi-dimensional vector is generated for each result, and projected onto a twodimensional plane. DocuWorld uses a similar technique, projecting the vector into a three-dimensional space [5] . Each of these techniques requires the user to deduce the semantic meaning of the topics by examining the results they contain. Furthermore, they position documents that belong to more than one topic in the space between the topics. This, however, becomes hard to decode as the number of topics exceeds the number of dimensions available for positioning.
A number of papers suggest using color to encode the relevance a result has to a search query. Card Visualization splits the query into its different terms and assigns each a specific color [6] . An icon is presented for every result that encodes the relevance of the result to its most relevant term using color saturation. TileBars follows a similar technique, but uses vertical space to encode each group of query terms [7] . HotMap uses horizontal space for each query term, representing frequency of use with colours on a heat-scale [8] .
Cluster-based approaches to Web search results representations are relatively common [9] , [10] , [11] . The goal of these techniques is to organize the search results into distinct groups, which can subsequently be explored by the searcher. While these interfaces can be quite useful, difficulties arise when documents describing multiple topics are placed in the cluster representing one topic, and therefore must be excluded from the other clusters to which it is also relevant.
III. CLUSTERING AND VISUALIZATION
The approach employed in CubanSea has been influenced by each of these systems described in the previous section. Rather than crisp clustering, a fuzzy clustering approach is employed to allow search results to be included in multiple topics simultaneously. The goal of is not only to organize the search results, but also to allow the searcher to gain some insight and understanding about the makeup and features of the search results space. A visual approach to representing the degree of membership in the clusters is employed, allowing the searcher to make sense of the clustering outcome.
CubanSea abbreviates "cluster-based visualization of search results". Instead of providing a traditional ordered search result list, the CubanSea interface returns a set of distinguishable areas, each containing a subset of the total result list. These subsets overlap, covering the entire result list. Each area corresponds to one topic occuring in the result space. Figure 1 shows the visual representation of the search results for the query "piracy". Two different topics have been automatically identified: "software report information" refers to software piracy, or piracy of digital media in general, while "pirates robbery reports" refers to sea robbery. These topic headers have been automatically generated and provide the viewer with the ability to immediatly grasp the features of the topic space. Note that the clusters described in this example are created based upon the result snippets which are not displayed in the overview.
A. Search Results
The CubanSea interface focuses on the tasks of representing and visualizing the search results. The results themselves are retrieved from a search engine provider. For the purpose of this paper, the Yahoo Search API [12] has been chosen. However, the system is designed to work with any search engine. In order to generate the clusters, a sufficiently large set of search results must be retrieved. Preliminary experimentation has found satisfactory clustering performance based on the top 50 search results.
B. Vector Model and Stemming
After retrieving the initial search results, it is necessary to convert these results into high-dimensional vectors that can be processed by the clustering algorithm. Porter's Stemming Algorithm provides a convenient method for combining the various morphological variants of common base terms (stems) [13] . The occurrence frequency of these stems are counted, resulting in the value of the vector in the dimension corresponding to the unique stems.
The generation of the vector representation is based on the textual contents of the titles, snippets, and URLs, as provided by the search engine. While it would be possible to also retrieve the entire textual contents of each of the search results, this would introduce a significant delay between when the searcher submits their query and when the search results can be represented.
C. Fuzzy Clustering
The clustering algorithm chosen for this system is the Cmeans fuzzy clustering algorithm [14] , [15] . This algorithm iteratively calculates a predefined number of centroids in a high-dimensional space and evaluates the membership of the individual items to these centroids using the formula in Equation 1. In this equation, u ij is the membership value of search result i in cluster j. While v i represents the high-dimensional vector of result i, c j holds the vector representing the centroid of cluster j (|c| denotes the number of clusters). The parameter m is a so called "fuzzifier" determining the crispness of the clusters. Values for this parameter between 1 and 2.5 have been shown to be effective [16] . Preliminary experiments have found a value of 1.5 to be a reasonable choice for our purpose.
The algorithm supports virtually any variation on a distance function for the calculation of x i − c j . Due to the non-normalized nature of the vector-based representations of the documents and cluster centroids, a cosine similarity function is used. Each iteration of the fuzzy clustering algorithm re-calculates the centroids of the clusters and then re-determines the fuzzy membership values for the documents. As soon as the re-calculation of the centroids does not yield a significant change, the algorithm terminates, returning the current centroids as the resulting centers of the clusters. An important element of the C-means fuzzy clustering algorithm is that the number of fuzzy clusters must be predetermined. CubanSea generates four clusters. This number is based on the assumption that a set of search results will seldom contain information on more than four distinct topics. However, in many cases, there will be fewer than four distinct topics within the search result set. In this situation, some of the fuzzy clusters may be very near one another. When two cluster centroids are determined to be very close, they are merged to produce a more meaningful cluster.
While each document will have some degree of membership within all of the clusters, the final membership for display purposes is based on the documents meeting a minimum similarity threshold with the cluster centroids. This allows individual documents to appear in multiple clusters, as was the goal with using a fuzzy clustering algorithm. In the case where a document doesn't meet the minimum similarity for any clusters, it is added to the single cluster to which it has the highest similarity.
The titles of the clusters are determined using the most frequent stems appearing in the topic. The actual term displayed is based on the most frequent terms within a given stem. The search terms are ignored in this process since they are likely to appear frequently in all clusters, providing little ability to distinguish between the clusters. While this process does not guarantee to generate unambiguous topic headers, it does provide results which are sufficient for this application.
Fuzzy clustering can be a performance bottleneck in many applications. In order to prevent this bottleneck, we chose to terminate the algorithm after a fixed number of cycles. Experiments have shown that the influence of this termination on the generated cluster space is negletable. It stands to reason that an increasing amount of algorithm cycles is a sign of an indistinct topic space which would in any event fail to generate highly meaningful clusters. The delay introduced by the fuzzy clustering algorithm is negligible in comparison to the delay in obtaining the search results set from the search engine provider.
D. Visual Encoding
With the goal of increasing the ability of the searcher to perceive the different topics, each is encoded with a distinct color. These colors have been chosen in accordance to the opponent process theory of colour [17] , identifying green, red, blue, and yellow as being the most effective color set for labeling. Since yellow has a very low luminance contrast with the white background, it has been replaced with a dark grey. In order to prevent using high volume colors on large areas which would distract the viewers attention (as pointed out in [18] ), a light gradient has been chosen. This gradient is sufficient for conveying a basic understanding of the cluster colors to the user without providing visual overload and drawing attention from the content. The top 20 results of each cluster are provided to aid the in topic recognition in the event that the headers might be ambiguous. The results are printed on a white-faded background to counter the interfering effect a gradient background would have on reading text placed on the foreground.
IV. INTERACTION
The methods for interacting with CubanSea, as searchers seek relevant documents, is guided by Shneiderman's principle of "overview first, zoom and filter, then details on demand" [1] . The discussion thus far has been focused on the "overview first" element. Once searchers identify a cluster of documents which appear to be relevant to their information seeking goals, they can click on it to "zoom" into this area of the search results space (see Figure 2 ). The ambient colour in the window is the same as that from the overview, providing visual feedback with respect to the selected cluster. Further, the intensity of the arrow icon beside each search result represents the degree of membership of the search result in the cluster. The user is also able to conduct a search within the search results set, implementing a "filter" operation. As terms are entered into the search field, only those search results that match the query are shown.
Within the search results list, only the first few search results are expanded, allowing the searcher to consider and evaluate these search results easily. The remainder are collapsed, allowing the searcher to see more of the search results set. If necessary, the searcher can view the "details on demand" by expanding a collapsed search results, or clicking on a search result to view the entire document.
The goal in following Shneiderman's principle is to allow the searcher to first get a sense of the search results space, focus on a subset of the space that is relevant to their goals, and then access the details of potentially relevant documents as needed. While this may result in extra work for targeted searches where a single document is sufficient to address the information need, it can be very useful for vague or ambiguous searches where the documents are on multiple different topics. In the traditional list-based approach, the user must consider each of the search results one-by-one for relevance. With CubanSea, the searcher can evaluate the clusters first, and select the one that most closely matches their goal for the search. The net effect is a pruning of the search results set, reducing the number of documents the searcher must consider.
V. CONCLUSIONS & FUTURE WORK
CubanSea provides a novel method for representing search results, providing an overview of the search results space, the ability to zoom to an area of interest and filter the search results, and allowing the searcher to access the details as needed. The system is designed to address the needs of searchers when their information seeking goals are ill-defined, vague, or ambiguous.
Within the context of Web information retrieval support systems [19] , CubanSea provides support for searchers to find useful information and knowledge from Web resources [20] . Searchers are able to take an active role in the search process, making high-level selections of fuzzy clusters of documents, thereby reducing the number of non-relevant documents within the search results list.
Future work includes refining the interface and conducting laboratory experimentation to evaluate the value of the specific elements of CubanSea. Additional research is needed on the topic of performing fuzzy clustering based on the limited information available in Web search results.
